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Summary The aim of this study is to investigate the role of genetic polymorphisms
in twelve folate metabolism genes on the risk of lung cancer in Xuan Wei, China,
where the lung cancer mortality rate is among the highest and is mainly caused by
indoor smoky coal emissions. A total of 122 incident primary lung cancer cases and
122 matched controls were enrolled. Three single nucleotide polymorphisms were
associated with increased risk of lung cancer including homozygotes of the C allele
of CBS Ala360Ala (OR: 4.02; 95% CI: 1.64—9.87), the 222Val allele of MTHFR (OR:
2.32; 95% CI: 1.34—4.03), and the C allele of SLC19A1 Pro232Pro (OR: 1.83; 95%
CI: 1.02—3.28). The distribution of CBS and MTHFR haplotypes differed between
cases and controls (P = 0.002 and P = 0.07, respectively). In summary, three genetic
variants in folate metabolism genes are associated with an increased risk of lung
cancer in Xuan Wei, China.
© 2005 Elsevier Ireland Ltd. All rights reserved.

. Introduction

ung cancer is the leading cause of death from
ancer worldwide with an estimated mortality of
1.43 for men and 9.53 for women per 100,000
n 2000 [1]. Tobacco smoking is the major at-
ributable risk factor for the high prevalence of
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lung cancer across the world [2]. The lung cancer
mortality rate in rural Xuan Wei County, Yunnan
Province, is among the highest in China and is eight
times the Chinese national average for women
and four times the national average for men [3].
Although few women compared to men smoke in
Xuan Wei, the mortality rates from lung cancer
are similar between the sexes (27.7 and 25.3 per
100,000 for males and females, respectively).
The extensive use of smoky coal indoors without
adequate ventilation has been shown to cause the
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high incidence of lung cancer in this population and
accounts for more than 90% of lung cancer cases
for both men and women [3,4]. Local smoky coal is
a low-sulfur (0.2%), medium-volatile, bituminous
coal and is used for cooking and heating in homes
without chimneys [3]. During the burning of smoky
coal, the indoor air concentration of particulate
matter and extractable organic matter can reach
as high as 24.4 and 17.6mg/m3, respectively
[3], and the corresponding concentrations of
benzo(a)pyrene, an indicator of PAHs, can reach
as high as 19.3�g/m3 [5], which is comparable to
exposure levels experienced by coke oven workers.
Folate, which is unsynthesizable by human cells,

is considered to be a potential protective agent
against cancer and is one of the components of
fruits and vegetables [6]. Although not all epidemi-
ologic studies have agreed [7,8], accumulating ev-
idence suggests that reduced folate intake is a risk
factor for lung cancer [9—12]. Folate, via its chem-
ically reduced form tetrahydrofolate, is essential
for the transfer of one-carbon units in the de novo
synthesis of nucleotides. Reduced levels of N5,N10-
methylenetetrahydrofolate lead to decreased syn-
thesis of thymidylate from deoxyuridylate and con-

converts N5,N10-methylenetetrahydrofolate to 5-
methyltetrahydrofolate, has been found to lead to
decreased enzymatic activity [18] and a shift in the
tetrahydrofolate distribution [19]. Other genes in-
volved in the metabolism of folate may also alter
the distribution of folate and DNA methylation pat-
terns.
Folate deficiency is a worldwide problem, espe-

cially in developing countries where people have
less vitamin supplements and fortified food. It is
a common but less realized health problem in the
Chinese population [20—22], where the incidence
of congenital neural tube defects is among the
highest in the world [23,24]. Lack of adequate
folate nutrition is thought to be a problem in Xuan
Wei, because unfavorable economic conditions and
lack of fresh fruits and vegetables make it difficult
for people living in Xuan Wei to obtain good food
sources of folate [4]. With reduced levels of folate,
differences in folate metabolism could have a
dramatic impact on the physiologic roles of folate
in the body. Since genetic polymorphisms in folate
metabolic genes may modify the ability of folate
to protect against lung cancer, we studied the
relationship between genetic polymorphisms of 12
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sequently increase uracil misincorporation into DNA
[13]. If not properly repaired, the misincorporation
of uracil into DNA can cause DNA damage and chro-
mosomal breaks [13]. In addition, folate is essential
for maintaining normal DNA methylation patterns.
Both global hypomethylation and hypermethylation
of select CpG islands are thought to contribute to
the pathogenesis of cancer [14]. Hypermethylation
of CpG islands in the promoter regions of genes
leads to transcriptional silencing, and hypermethy-
lation of tumor suppressor genes and other genes
involved in cell cycle control is thought to con-
tribute to carcinogenesis. Several genes, including
CDKN2A and MGMT, have been found to be hyper-
methylated in lung cancer tumors [15], suggesting
that DNA methylation plays an important role in the
pathogenesis of lung cancer. Through de novo DNA
synthesis and methylation, folate is involved in DNA
repair and low dietary folate intake was found to
be associated with suboptimal DNA repair capacity
[16].
Insufficient dietary folate intake is not the only

reason for folate depletion. Tissue-specific fo-
late concentration, varying distribution and aber-
rant function of co-enzymes in folate metabolism
may play roles in maintaining the normal phys-
ical function of folate. Variants in at least
two genes involved in folate metabolism have
been shown to be associated with altered DNA
methylation patterns [17]. In addition, a com-
mon polymorphism in the MTHFR gene, which
olate metabolic genes (23 single nucleotide poly-
orphisms (SNPs)) and lung cancer risk in Xuan Wei,
hina.

. Materials and methods

.1. Study population

his was a population-based case-control study of
ung cancer in Xuan Wei. Details of the study are
escribed elsewhere [25]. A total of 122 newly
iagnosed lung cancer cases and 1:1 individually
atched controls were selected from March 1995
hrough March 1996. Matching conditions included
ex, age (±2 years), village, and type of fuel
urrently used for cooking and home heating. The
riteria for inclusion as a lung cancer case were pos-
tive histology or cytology results (105 cases, 86.1%)
r clinically diagnosed cases who died within a 1-
ear period (17 cases, 13.9%). A standardized struc-
ured questionnaire was used to obtain information
bout demographic characteristics, life-time use
f different types of coal, tobacco smoking, family
istory of lung cancer, and personal medical
istory.

.2. Genotyping

NA was extracted from sputum samples using
henol—chloroform extraction [26] and genotyped
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by real-time PCR on an ABI 7900HT sequence de-
tection system as described on the SNP500 website
(http://www.snp500cancer.nci.nih.gov/) at Core
Genotyping Facility of the National Cancer Insti-
tute. Of the 122 cases and 122 controls, DNA was
successfully extracted from 119 cases and 113 con-
trols and more than 95% of DNA samples were suc-
cessfully genotyped for all candidate SNPs.

2.3. Statistical analysis

An ever-smoker was defined as person who smoked
at least one cigarette per day for 6 months or
longer. The cutoff points for smoky coal use (t) and
tobacco smoking (pack-year) were estimated based
on the distribution of lifetime cumulative use of
each in the controls. The Hardy-Weinberg equilib-
rium for each SNP was tested with Pearson �2 or
exact test if any of the cell counts were small.
Genotype data were analyzed with the homozy-
gote of the common allele as the reference group.
Because genotype data were not available for all
cases and controls, unconditional logistic regres-
sion was used to estimate the odds ratios (ORs) and
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3. Results

Demographic features, including age, sex, ethnic-
ity, education level, household income, dwelling
type, and type of fuel source, were compara-
ble between 122 case and 122 controls (Table 1).
Smoky coal use but not smoking was associated
with an increased risk of lung cancer, which is
consistent with previous studies in Xuan Wei [28].
Twenty-three SNPs in twelve genes were geno-
typed in the study population. With the excep-
tion of GGH −353G>T (P = 0.01), FPGS Ex15 −260
C >T (P = 0.03), MTHFD2 IVS1 +3323 T >C (P = 0.01),
and MTRR His622Tyr (P = 0.02), the genotype fre-
quencies for all other SNPs in the controls were
consistent with Hardy-Weinberg equilibrium. The
genotype frequencies for cases and controls and
estimated associations with lung cancer risk are
shown in Table 2. Three SNPs in three different
genes displayed significant associations with lung
cancer risk. Homozygous carriers of the C allele of
CBS Ala360Ala were found to have a four-fold risk
of lung cancer (OR: 4.02; 95% CI: 1.64—9.87), and
variant carriers of either the 222Val of MTHFR (OR:
2.32; 95% CI: 1.34—4.03) or the C allele of SLC19A1
P
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5% confidence intervals (CIs) for the association
etween lung cancer risk and each SNP, adjusted
or age, sex, and current fuel type. The results
ere similar when conditional logistic regression
as used to analyze the data. Gene—environment
nteractions were tested on a multiplicative scale
y adding product terms into a logistic regression
odel. False Discovery Rate (FDR)-adjusted P val-
es were calculated using the Benjamini-Hochberg
ethod [27] to assess if the obtained P values
re still significant after multiple comparisons were
aken into consideration.
Measures of pairwise linkage disequilibrium (LD)
etween SNPs within one gene were estimated
sing the program, HaploView (http://www.broad.
it.edu/personal/jcbarret/haploview/). Haploty-
e block structure was examined for SNPs within the
ame gene using the four gamete rule. Haplotypes
ere estimated for SNPs within the same haplo-
ype block using the expectation-maximization al-
orithm, and overall differences in the frequency
istributions of the haplotypes between cases and
ontrols were tested using the permutation om-
ibus test available in SAS/Genetics. Individual hap-
otypes were also estimated with SAS/Genetics, and
he effects of each haplotype were estimated using
he best haplotype pairs in an unconditional logis-
ic regression model with the most common hap-
otype as the reference. Data were analyzed with
he Statistical Analysis Software, version 8.02 (SAS
nstitute Inc., 1996) if not specified elsewhere.
ro232Pro (OR: 1.83; 95% CI: 1.02—3.28) displayed
n approximate two-fold risk of lung cancer. Af-
er adjusting for FDR, P values for CBS Ala360Ala
nd MTHFR Ala222Val remained statistically signif-
cant (P < 0.05). The other variants evaluated in
his study were not associated with lung cancer
isk.

Table 1 Distribution of demographic features in lung
cancer cases and controlsa

Cases (%)
N = 122

Controls (%)
N = 122

P-valueb

Age
<55 52 (43) 51 (42)
≥55 70 (57) 71 (58) 0.90

Sex
Male 79 (65) 79 (65)
Female 43 (35) 43 (35) 1.00

Smokingc

No 9 (11) 10 (13)
Yes 70 (89) 69 (87) 0.81

Smoky coal use
<130 51 (42) 72 (59)
≥130 71 (58) 50 (41) 0.007
a Demographic data were previously reported [25] and

DNA were extracted from 119 cases and 113 controls.
b P-value based on Pearson �2-test.
c Males only.

http://www.snp500cancer.nci.nih.gov/
http://www.broad.mit.edu/personal/jcbarret/haploview/
http://www.broad.mit.edu/personal/jcbarret/haploview/
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Table 2 Main effect of genetic polymorphisms in folate metabolism genes on lung cancer risk in Xuan Wei
Gene SNP (dbSNP ID) Cases (%)

N = 119
Controls (%)
N = 113

ORa 95% CI P-value ORb 95% CI P-value

BHMT
IVS4 +52 C >T (rs567754)
CC 37 (32) 27 (24) Ref. Ref.
CT 58 (50) 64 (58) 0.66 0.36—1.22 0.18 0.57 0.30—1.08 0.08
TT 20 (17) 19 (17) 0.76 0.34—1.70 0.51 0.61 0.26—1.40 0.24
CT +TT 78 (68) 83 (76) 0.68 0.38—1.23 0.20 0.58 0.32—1.07 0.08
Trend 0.39 0.17

Ex8 +453 A >T (rs585800)
AA 91 (77) 94 (83) Ref. Ref.
AT 26 (22) 18 (16) 1.50 0.77—2.94 0.23 1.59 0.80—3.17 0.19
TT 1 (1) 1 (1)
AT +TT 27 (23) 19 (17) 1.48 0.76—2.86 0.24 1.55 0.79—3.06 0.20
Trend 0.28 0.23

CBS
IVS3 −1489 C >A (rs397589)
CC 80 (70) 76 (68) Ref. Ref.
CA 29 (25) 33 (29) 0.86 0.46—1.51 0.56 0.83 0.45—1.53 0.55
AA 6 (5) 3 (3) 1.90c 0.39—12.11 0.50
CA +AA 35 (30) 36 (32) 0.93 0.53—1.63 0.79 0.93 0.52—1.67 0.82
Trend 0.91 0.84

Tyr233Tyr
Ex8 +33 C >T (rs234706)
CC 111 (94) 103 (91) Ref. Ref.
CT 7 (6) 10 (9) 0.65 0.24—1.78 0.40 0.63 0.23—1.74 0.37

Ala360Ala
Ex12 +41 T >C (rs1801181)
TT 30 (26) 43 (38) Ref. Ref.
TC 62 (53) 60 (54) 1.49 0.83—2.68 0.18 1.65 0.90—3.02 0.11
CC 25 (21) 9 (8) 4.02 1.64—9.87 0.002 4.34 1.73—10.86 0.002
TC + CC 87 (74) 69 (62) 1.81 1.03—3.19 0.04 2.01 1.12—3.60 0.02
Trend 0.003 0.002

FPGS
Ex15 −260 C >T (rs10106)
CC 52 (45) 49 (44) Ref. Ref.
CT 49 (43) 56 (51) 0.82 0.47—1.42 0.47 0.71 0.40—1.26 0.24
TT 14 (12) 5 (4) 2.62 0.88—7.87 0.08 2.35 0.77—7.20 0.13
CT +TT 63 (55) 61 (56) 0.96 0.57—1.64 0.89 0.84 0.49—1.46 0.54
Trend 0.43 0.71

FTHFD
Leu395Leu
Ex10 −40 G>T (rs2305230)

GG 80 (68) 65 (63) Ref. Ref.
GT 29 (25) 31 (30) 0.74 0.40—1.37 0.34 0.79 0.42—1.48 0.46
TT 8 (7) 7 (7) 0.93 0.32—2.74 0.90 1.04 0.34—3.20 0.95
GT +TT 37 (32) 38 (37) 0.78 0.44—1.37 0.38 0.83 0.46—1.50 0.54
Trend 0.51 0.69

Asp793Gly
Ex21 +31 A >G (rs1127717)

AA (Asp/Asp) 91 (77) 88 (79) Ref. Ref.
AG (Asp/Gly) 25 (21) 21 (19) 1.15 0.60—2.21 0.67 1.15 0.58—2.25 0.69
GG (Gly/Gly) 2 (2) 2 (2) 0.97c 0.07—13.61 1.00
AG (Asp/Gly) +GG (Gly/Gly) 27 (23) 23 (21) 1.14 0.60—2.13 0.69 1.11 0.58—2.14 0.75
Trend 0.74 0.83

GGH
−353 G>T (rs719235)
GG 90 (76) 91 (81) Ref. Ref.
GT 28 (24) 17 (15) 1.67 0.85—3.27 0.13 1.58 0.80—3.14 0.19
TT 0 4 (4)
GT +TT 28 (24) 21 (19) 1.36 0.72—2.58 0.35 1.28 0.67—2.46 0.46

IVS7 −3001 C >T (rs1031552)
CC 46 (40) 37 (33) Ref. Ref.
CT 54 (46) 57 (51) 0.76 0.42—1.35 0.34 0.72 0.40—1.29 0.27
TT 16 (14) 17 (15) 0.75 0.34—1.70 0.50 0.73 0.32—1.68 0.46
CT +TT 70 (60) 74 (67) 0.75 0.44—1.31 0.32 0.72 0.41—1.26 0.25
Trend 0.38 0.33



Folate metabolic genes and lung cancer 303

Table 2 (Continued )
Gene SNP (dbSNP ID) Cases (%)

N = 119
Controls (%)
N = 113

ORa 95% CI P-value ORb 95% CI P-value

MTHFD2
IVS1 +3323 T >C (rs1667627)
TT 48 (42) 49 (45) Ref. Ref.
TC 54 (47) 39 (36) 1.42 0.79—2.55 0.24 1.41 0.77—2.56 0.26
CC 13 (11) 21 (19) 0.63 0.28—1.42 0.26 0.64 0.28—1.45 0.28
TC +CC 67 (58) 60 (55) 1.14 0.67—1.96 0.63 1.13 0.65—1.97 0.65
Trend 0.61 0.62

MTHFR
Ala222Val
Ex4 +79 C >T (rs1801133)

CC (Ala/Ala) 33 (28) 53 (48) Ref. Ref.
CT (Ala/Val) 65 (56) 42 (38) 2.52 1.40—4.53 0.002 2.61 1.42—4.78 0.002
TT (Val/Val) 18 (16) 16 (14) 1.81 0.81—4.05 0.15 2.17 0.94—5.01 0.07
CT (Ala/Val) +TT (Val/Val) 83 (72) 58 (52) 2.32 1.34—4.03 0.003 2.49 1.41—4.42 0.002
Trend 0.03 0.01

Ala429Glu
Ex7 −62 A >C (rs1801131)

AA (Glu/Glu) 71 (62) 69 (63) Ref. Ref.
AC (Glu/Ala) 41 (36) 34 (31) 1.18 0.67—2.08 0.57 1.07 0.60—1.91 0.82
CC (Ala/Ala) 2 (2) 6 (6) 0.32c 0.03—1.90 0.28
AC (Glu/Ala) +CC (Ala/Ala) 43 (38) 40 (37) 1.04 0.60—1.80 0.88 0.95 0.54—1.66 0.84
Trend 0.71 0.49

MTHFS
IVS2 −1411 T >G (rs622506)
TT 30 (26) 36 (32) Ref. Ref.
TG 56 (49) 55 (50) 1.21 0.65—2.24 0.54 1.20 0.64—2.26 0.56
GG 29 (25) 20 (18) 1.74 0.82—3.69 0.15 1.65 0.77—3.56 0.20
TG+GG 85 (74) 75 (68) 1.35 0.76—2.41 0.30 1.33 0.74—2.40 0.35
Trend 0.15 0.21

MTRR
Ile49Met
Ex2 −64 A >G (rs1801394)

AA (Ile/Ile) 69 (58) 70 (62) Ref. Ref.
AG (Ile/Met) 42 (36) 41 (36) 1.03 0.60—1.78 0.90 1.09 0.62—1.91 0.75
GG (Met/Met) 7 (6) 2 (2) 3.55c 0.64—35.92 0.17
AG (Ile/Met) +GG (Met/Met) 49 (42) 43 (38) 1.15 0.68—1.95 0.60 1.22 0.71—2.11 0.47
Trend 0.32 0.23

Leu175Ser
Ex5 +123 C >T (rs1532268)

CC (Ser/Ser) 91 (78) 81 (74) Ref. Ref.
CT (Ser/Leu) 24 (20) 25 (23) 0.85 0.45—1.61 0.62 0.91 0.47—1.76 0.79
TT (Leu/Leu) 2 (2) 4 (4) 0.44c 0.04—3.21 0.43
CT (Ser/Leu) +TT (Leu/Leu) 26 (22) 29 (26) 0.80 0.43—1.47 0.47 0.86 0.46—1.62 0.65
Trend 0.36 0.53

Arg415Cys
Ex9 −85 C >T (rs2287780)

CC (Arg/Arg) 78 (68) 69 (63) Ref. Ref.
CT (Arg/Cys) 32 (28) 38 (34) 0.75 0.42—1.33 0.32 0.68 0.38—1.22 0.20
TT (Cyc/Cys) 5 (4) 3 (3) 1.47c 0.27—9.82 0.72
CT (Arg/Cys) + TT (Cyc/Cys) 37 (32) 41 (37) 0.80 0.46—1.39 0.43 0.74 0.42—1.30 0.30
Trend 0.66 0.52

His622Tyr
Ex14 +14 C >T (rs10380)

CC (His/His) 81 (72) 78 (71) Ref. Ref.
CT (His/Tyr) 32 (28) 25 (23) 1.23 0.67—2.26 0.51 1.13 0.60—2.12 0.71
TT (Tyr/Tyr) 0 7 (6)
CT (His/Tyr) + TT (Tyr/Tyr) 32 (28) 32 (29) 0.96 0.53—1.72 0.88 0.88 0.48—1.61 0.68

SHMT1
Ex12 +236 C >T (rs1979276)
CC 98 (83) 98 (88) Ref. Ref.
CT 20 (17) 13 (12) 1.54 0.72—3.28 0.26 1.50 0.70—3.26 0.30
TT 0 1 (1)
CT +TT 20 (17) 14 (12) 1.44 0.68—3.01 0.34 1.39 0.65—2.97 0.40
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Table 2 (Continued )
Gene SNP (dbSNP ID) Cases (%)

N = 119
Controls (%)
N = 113

ORa 95% CI P-value ORb 95% CI P-value

SLC19A1
Pro232Pro
Ex4 −254 T >C (rs12659)

TT 26 (22) 38 (34) Ref. Ref.
TC 58 (49) 51 (46) 1.67 0.89—3.13 0.11 1.44 0.75—2.75 0.27
CC 34 (29) 23 (20) 2.17 1.05—4.51 0.04 2.12 1.00—4.49 0.05
TC +CC 92 (78) 74 (66) 1.83 1.02—3.28 0.04 1.65 0.90—3.02 0.11
Trend 0.04 0.05

Ex7 −233 G>T (rs1051296)
GG 33 (28) 34 (31) Ref. Ref.
GT 51 (43) 55 (51) 0.95 0.51—1.76 0.87 0.81 0.43—1.54 0.52
TT 34 (29) 19 (18) 1.86 0.88—3.92 0.10 1.85 0.86—3.98 0.12
GT +TT 85 (72) 74 (69) 1.18 0.66—2.10 0.57 1.07 0.59—1.93 0.83
Trend 0.13 0.16

TYMS
IVS1 −405 C >T (rs502396)
CC 49 (43) 43 (39) Ref. Ref.
CT 53 (46) 52 (47) 0.89 0.51—1.56 0.68 0.84 0.48—1.50 0.57
TT 13 (11) 16 (14) 0.72 0.31—1.66 0.44 0.69 0.29—1.63 0.39
CT +TT 66 (57) 68 (61) 0.85 0.50—1.44 0.54 0.81 0.47—1.40 0.44
Trend 0.44 0.37

Ex7 +157 T >C (rs699517)
TT 49 (42) 44 (40) Ref. Ref.
TC 54 (46) 48 (43) 1.00 0.57—1.77 0.99 0.96 0.54—1.71 0.89
CC 15 (13) 19 (17) 0.70 0.32—1.55 0.38 0.68 0.30—1.53 0.35
TC +CC 69 (58) 67 (60) 0.92 0.54—1.56 0.75 0.88 0.51—1.52 0.64
Trend 0.48 0.42

a Adjusted for age, sex, and current fuel type by unconditional logistic regression.
b Adjusted for age, sex, current fuel type, pack-year of smoking, and coal use by unconditional logistic regression.
c Fisher’s exact estimate and test for the parameter without adjustment for other factors.

In stratified analysis by smoky coal use, the ef-
fect of CC genotype of CBS Ala360Ala was stronger
among light smoky coal users, and the effect of
the C allele of SLC19A1 Pro232Pro was restricted
to light smoky coal users only (Table 3). The statis-
tical test for multiplicative interaction was signifi-
cant for SLC19A1 Pro232Pro (P = 0.03) based on the
dominant genetic model. The association between
lung cancer and the other SNPs evaluated in this
study were not modified by smoky coal use. Sex,
age, alcohol drinking, family history of cancer, and
tobacco smoking did not modify the effect of any
of the SNPs examined in this study.
We examined pairwise LD and haplotype block

structure for SNPs in the same gene. Haplotypes
were estimated for SNPs within the same haplo-
type block. The results of the haplotype analysis are
shown in Table 4. The distribution of haplotypes dif-
fered between cases and controls for CBS (P = 0.002)
and MTHFR (P = 0.07). In addition, three haplotypes
in three different genes (CBS,MTHFR, and SLC18A1)
were associated with an increased risk of lung can-
cer compared to the most common haplotype in
the gene. In all three genes, the ‘‘at risk’’ hap-
lotype contained one of the variants found in this

study to be associated with an increased risk of lung
cancer.

4. Discussion

Accumulating research results suggest that low
levels of folate and elevated homocysteine levels
confer increased risk of multiple age-related
diseases consistent with its crucial physiological
functions [12,29]. Folate is thought to be important
in preventing lung cancer because of its roles in
DNA synthesis and DNA methylation and some
evidence suggests that the protective effect of
folate against lung cancer is more evident in heavy
smokers [10—12]. The folate pathway may be
particularly important for lung cancer risk in the
Xuan Wei population because of the extremely
high exposure to PAH-rich smoky coal combustion
emissions, and proteins involved in the metabolism
of folate may modify the protective effects of
folate on cancer risk. The role of the proteins
coded by these genes is illustrated in Fig. 1.
We studied genetic polymorphisms and haplo-

types of folate metabolism genes in a case-control
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Table 3 Stratified analysis of CBS Ala360Ala and SLC19A1 Pro232Pro polymorphisms by smoky coal use

<130 t >=130 t

Cases
(%)

Controls
(%)

ORa 95% CI P-value Cases
(%)

Controls
(%)

ORa 95% CI P-value

CBS
Ala360Alab

TT 10 (20) 24 (36) Ref. 20 (30) 19 (41) Ref.
TC 26 (52) 37 (56) 1.79 0.71—4.52 0.22 36 (54) 23 (50) 1.68 0.71—3.96 0.24
CC 14 (28) 5 (8) 7.86 2.11—29.21 0.002 11 (16) 4 (9) 2.61c 0.62—13.02 0.22
TC +CC 40 (80) 42 (64) 2.40 0.99—5.85 0.05 47 (70) 27 (59) 1.82 0.79—4.16 0.16
Trend 0.003 0.13

SLC19A1
Pro232Prob

TT 8 (16) 27 (41) Ref. 18 (26) 11 (24) Ref.
TC 26 (52) 23 (35) 4.58 1.66—12.64 0.003 32 (47) 28 (61) 0.61 0.24—1.57 0.31
CC 16 (32) 16 (24) 3.33 1.13—9.82 0.03 18 (26) 7 (15) 1.59 0.48—5.34 0.45
TC +CC 42 (84) 39 (59) 4.01 1.59—10.12 0.003 50 (74) 35 (76) 0.80 0.33—1.94 0.62
Trend 0.02 0.57

a Adjusted for age, sex, and current fuel type by unconditional logistic regression.
b The interaction with smoky coal use was not significant for CBS Ala360Ala (P = 0.63), but significant for SLC19A1 Pro232Pro

(P = 0.03).
c Fisher’s exact estimate and test for the parameter without adjustment for other factors.

Fig. 1 The role of the proteins coded by studied genes in the folate and methylation metabolism circles.
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Table 4 Omnibus testa and haplotype analysis of one-carbon genes in Xuan Wei

Haplotypes Cases Controls ORb 95% CI P-value

BHMT Ex8 +453 A >T—IVS4 +52 C >T
Hap1 A—C 108 101 Ref.
Hap2 A—T 100 105 0.89 0.60—1.31 0.54
Hap3 T—C 28 20 1.30 0.69—2.47 0.41
Omnibus test 0.47

CBS Ala360Ala—Tyr233Tyr
Hap1 T—C 123 148 Ref.
Hap2 C—C 106 68 1.89 1.28—2.78 0.001
Hap3 C—T 7 10 0.84 0.31—2.26 0.72
Omnibus test 0.002

FTHFD Leu395Leu—Asp793Gly
Hap1 G—A 163 156 Ref.
Hap2 T—A 44 45 0.92 0.57—1.48 0.73
Hap3 G—G 28 25 1.07 0.60—1.92 0.81
Hap4 T—G 1 0
Omnibus test 0.86

GGH -353 G>T—IVS7 −3001 C >T
Hap1 G—C 120 108 Ref.
Hap2 G—T 88 93 0.85 0.58—1.26 0.42
Hap3 T—C 28 25 1.02 0.56—1.85 0.96
Omnibus test 0.70

MTHFR Ala429Glu—Ala222Val
Hap1 A—C 87 104 Ref.
Hap2 A—T 103 74 1.67 1.10—2.52 0.02
Hap3 C—C 46 46 1.20 0.73—1.97 0.48
Omnibus test 0.07

MTRR Leu175Ser—Arg415Cys—His622Tyr
Hap1 C—C—C 134 110 Ref.
Hap2 C—C—T 32 39 0.67 0.40—1.15 0.14
Hap3 C—T—C 42 44 0.78 0.48—1.29 0.34
Hap4 T—C—C 28 33 0.70 0.40—1.22 0.21
Omnibus test 0.34

SLC19A1 Pro232Pro—Ex7 −233 G>T
Hap1 T—G 107 125 Ref.
Hap2 C—T 116 92 1.48 1.01—2.16 0.04
Hap3 C—G 10 5 2.33 0.77—7.04 0.13
Hap4 T—T 3 2 1.75c 0.20—21.29 0.66
Omnibus test 0.15

TYMS Ex7 +157 T >C—IVS1 −405 C >T
Hap1 T—C 146 136 Ref.
Hap2 C—C 10 5 1.88 0.63—5.65 0.26
Hap3 T—T 6 2 2.79c 0.49—28.67 0.29
Hap4 C—T 74 83 0.83 0.56—1.23 0.35
Omnibus test 0.32
a Exact permutation test.
b Adjusted for age, sex and current fuel by unconditional logistic regression.
c Fisher’s exact estimate and test for the parameter without adjustment for other factors.

study of lung cancer, and found that genetic vari-
ants in CBS, MTHFR, and SLC19A1 were associated
with an increased risk of lung cancer. The protein
encoded by CBS is involved in the transsulfura-
tion pathway, catalyzing from homocysteine to

cystathionine. CBS deficiency can cause homo-
cystinuria which affects many organs and tissues.
The Ala360Ala polymorphism is common and its
frequencies are comparable across different popu-
lations [30—32], but to date it has not been studied
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with regard to lung cancer risk. Although subjects
with the CC genotype have not been observed to
have higher homocysteine concentrations in their
blood [30—33], the polymorphism may be linked to
other functional polymorphisms nearby. It is likely
that if the association that we observed between
the CBS gene and lung cancer is real, it is due
to the linkage of the CBS Ala360Ala to another
functional variant in the region [34,35]; however,
a more extensive haplotype analysis would have to
be undertaken to confirm this hypothesis.
MTHFR catalyzes the conversion of 5,10-methyl-

enetetrahydrofolate to 5-methyltetrahydrofolate,
a major carbon donor for the remethylation
of homocysteine to methionine. Methylenete-
trahydrofolate reductase deficiency leads to
homocystinuria and decreased levels of methion-
ine, which is a precursor for S-adenosylmethionine,
the primary methyl donor for DNA methylation. The
222Val allele in the heterozygous or homozygous
state is correlated with decreased enzyme activity
and increased thermolability, and individuals
homozygous for the mutation have significantly
elevated plasma homocysteine levels, particularly
in folate-deficient states [18]. In addition, carriers
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logically utilizable folate levels. Alternatively, the
synonymous substitution may affect the mRNA lev-
els of SCL19A1, as synonymous polymorphisms have
been suggested to alter mRNA stability in other
genes [42]. Significant interaction with PAH-rich
smoky coal use suggests that folate depletion may
abate DNA repair capacity and that DNA damage
caused by heavy PAHs exposure is so extensive that
the reduced levels of DNA repair due to folate de-
pletion do not come into effect or the cells undergo
apoptosis among people with heavy exposure of
smoky coal emissions, and as a result, the impact
of the unfavorable polymorphism was restricted
to people with less exposure to smoky coal only.
Detailed studies on the function and mechanism of
polymorphisms in this gene and larger case-control
studies on lung cancer are warranted.
There are several limitations to this study. We

did not collect information on dietary folate intake
so we cannot analyze the interaction between fo-
late intake and folate metabolism. Moreover, the
sample size of our study is small, we have limited
power to detect associations, and there is a possi-
bility that some of our findings are due to chance
[43]. However, the FDR-adjusted P values for CBS
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f the 222Val allele display decreased levels
f 5-methylcytosine in their genomes [17,36],
uggesting that this polymorphism alters DNA
ethylation patterns, which may be important
or the development of lung cancer. Our study
ound that the 222Val allele was associated with an
ncreased risk of lung cancer, which is consistent
ith another small study [37]. However, other
tudies have not observed a significant association
etween this SNP and lung cancer risk [38—40]. This
nconsistency may be due to different background
xposure (PAHs) or folate intake.
Folate absorption in the intestine and folate
istribution in tissues and cells are important
or folate metabolism, apart from a deficient
ietary intake. The main uptake pathway of folate
ompounds into mammalian cells occurs via either
he folate receptor or a specialized reduced folate
arrier, SLC19A1, which mediates intestinal folate
ransport and plays a role in maintaining intracel-
ular concentrations of folate. Our study found that
omozygous carriers of the C allele at SCL19A1
ad an increased risk of lung cancer compared to
omozygous carriers of the T allele. The polymor-
hism does not lead to an amino acid change in the
rotein; however, the polymorphism is located in
he middle of a conserved domain of this protein
41] and may be in linkage disequilibrium with
nother functional variant(s) that affects the
ransport of folic acid into cells resulting in altered
ntracellular folate pools, and thus decreased bio-
la360Ala and MTHFR Ala222Val are still statisti-
ally significant (P < 0.05). A substantially larger
ase-control study of lung cancer will begin later
his year in this region of China, which will pro-
ide us an opportunity to replicate and extend these
ndings.
In summary, we found that SNPs in several genes

nvolved in the metabolism of folate (CBS, MTHFR,
nd SLC19A1) were associated with an increased
isk of lung cancer in Xuan Wei, China, which is
population exposed to high levels of PAHs from
moky coal use and also has a high probability of di-
tary folate deficiency. These findings support the
ypothesis that folate and one-carbon metabolisms
lay a role in lung carcinogenesis in this population.
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